The crystal structure of the tetrameric DNAbinding domain of the single-stranded DNA binding protein from Escherichia coli was determined at a resolution of 2.9 Å using multiwavelength anomalous dispersion. Each monomer in the tetramer is topologically similar to an oligomer-binding fold. Two monomers each contribute three ␤-strands to a single six-stranded ␤-sheet to form a dimer. Two dimer-dimer interfaces are observed within the crystal. One of these stabilizes the tetramer in solution. The other interface promotes a superhelical structure within the crystal that may ref lect tetramer-tetramer interactions involved in the positive cooperative binding of the single-stranded DNA-binding protein to single-stranded DNA.
Single-stranded DNA-binding (SSB) proteins are a class of nonspecific DNA binding proteins that play essential roles in DNA metabolism. Most organisms, including many bacteriophage and viruses, encode their own SSB proteins, all of which bind preferentially and with high affinity to single-stranded DNA (ssDNA).
The Escherichia coli SSB protein (1) and the bacteriophage T4 gene 32 protein (T4 gp32) (2) were the first SSBs identified and remain the best studied examples of this class of protein (3) (4) (5) . Although these two proteins share functional similarities, they display significant differences in their ssDNA binding properties, due at least in part, to the differences in their quaternary structure (6) . T4 gp32 is a stable monomer (2) , whereas the E. coli SSB protein is a stable homotetramer and the tetramer is the functional form of the protein (7) .
E. coli SSB displays multiple modes of binding to singlestranded polynucleotides, referred to as (SSB) n , that differ in the number of nucleotides (n) occluded by each bound tetramer (5) . At least three binding modes have been identified with n ϭ 35 Ϯ 2, n ϭ 56 Ϯ 3, and n ϭ 65 Ϯ 3 nucleotides per tetramer (8) (9) (10) . Only two of the subunits of the tetramer interact with ssDNA in the (SSB) 35 mode, whereas all four subunits interact with ssDNA in the (SSB) 65 mode (11, 12) . In at least one of these modes [(SSB) 65 ], the ssDNA wraps around the SSB tetramer (8, 13, 14) .
A common feature of SSB proteins is their ability to bind with positive cooperativity to single-stranded polynucleotides and thus form clusters of protein, even at low binding densities. However, the type and magnitude of the positive cooperativity observed for E. coli SSB differs dramatically for the different binding modes. SSB tetramers bind with an ''unlimited'' type of inter-tetramer cooperativity in the (SSB) 35 mode, and thus can form long protein clusters which can saturate the DNA (10, 15) . In contrast, binding in the (SSB) 65 mode occurs with a ''limited'' type of positive inter-tetramer cooperativity, such that ''beaded'' structures corresponding to tetramers and dimers of tetramers (''octamers'') are observed by electron microscopy (14) (15) (16) . These different modes may be used selectively in replication, recombination, and repair (6) .
Each SSB monomer consists of 177 amino acids (M r ϭ 18,843) (17) . Proteolysis studies of the intact SSB tetramer indicate that the ssDNA binding site is contained within the first 115 N-terminal amino acids (18) . N-terminal fragments resulting from cleavage by trypsin (SSB T ) after Arg-115 or by chymotrypsin (SSB C ) after Trp-135 also form tetramers and bind ssDNA. Interestingly, mitochondrial SSB proteins share significant similarities to E. coli SSB within the first 100 N-terminal residues (19) . Recently, the structure of the homotetrameric human mitochondrial SSB (hmtSSB) has been determined and is expected to be very similar to that of the DNA binding domain of E. coli SSB (20) .
E. coli SSB has been the subject of extensive crystallization efforts (21) (22) (23) (24) (25) . The first reports described the crystallization of full length E. coli SSB (21, 22) . The asymmetric unit in these crystals contained two native and two proteolytically degraded subunits with D 2 symmetry. Later reports described other crystal forms of the full-length protein as well as the chymotryptic and tryptic fragments of E. coli SSB. However, a structure remained to be determined. We report here the crystal structure of the DNA binding domain of the E. coli SSB tetramer corresponding to its chymotryptic fragment (SSB C ).
MATERIALS AND METHODS
Selenomethionine-containing chymotryptic fragment of E. coli SSB was obtained using previously described methods (18, 26, 27) . Crystals were grown in a hanging drop against a reservoir of 0.1 M Tris⅐HCl (pH 8.5) and 5% (wt͞vol) PEG 1000. After cryoprotection and freezing to liquid nitrogen temperature, these crystals diffracted to 2.7-Å resolution at the National Synchrotron Light Source (Brookhaven National Laboratory). Crystals were in space group C2, with unit cell dimensions a ϭ 58.0 Å, b ϭ 105.8 Å, c ϭ 90.2 Å, and ␤ ϭ 99.0°. The self-rotation function indicated the presence of a noncrystallographic 2-fold axis. A native data set was collected at the Stanford Synchrotron Radiation Laboratory at room tem-perature from a single crystal to a resolution of 2.7 Å (Table  1) .
Multiwavelength anomalous diffraction (MAD) data were collected at National Synchrotron Light Source (Table 1 ) from a single selenomethionine-substituted crystal. All diffraction images were processed using the program DENZO and scaled with the program SCALEPACK (28) . Data were used to obtain a bayesian estimate of the magnitudes of partial structure factors corresponding to the anomalously scattering atoms, F A [program MADBEST (29, 30) ]. Values for fЈ and fЉ for selenium atoms were obtained from Hall et al. (31) . The resulting values of F A were used in a difference Patterson synthesis [program HASSP (32) ] that yielded the positions of six selenium atoms. The positions and occupancies of the six selenium atoms were refined against a pseudo-SIRAS (single iomorphous replacement with anomalous scattering) data, as described and implemented in the program HEAVY version 4 (33) . Two selenium atoms refined to low occupancy and therefore only four selenium atoms were used in the phase calculation (33) . Two of these atoms were related to the two remaining heavy metals by a noncrystallographic 2-fold axis with rotational angle values similar to those found in the self-rotation function analysis. Calculation of phases from 15 to 3.0 Å indicated a rapid fall-off of the figure of merit beyond 4 Å. Therefore, a protocol of phase calculation to a resolution of 4 Å followed by noncrystallographic symmetry averaging combined with solvent flattening and phase extension to 3.1 Å was implemented [program DM (34) ].
A partial model using a poly(A) chain was built using the program O and a database of protein structures (35) . During this process, C ␣ atom positions of partial atomic models were repeatedly used to improve the phases by phase combination using SIGMAA (36) and solvent flattening. Refinement [program XPLOR (37, 38) ] proceeded using the native data set ( Table 1 ). The four selenium positions used in phasing could be easily interpretated as corresponding to Met-109 in all four monomers. However, an ambiguity remained in the interpretation of the two weak selenium positions. Sequence alignment of hmtSSB and E. coli SSB and reference to the hmtSSB structure (20) suggested that these positions corresponded to Met-23 and a model was built using these methionine positions as ''anchors'' for the building of side chains. Subsequent least-squares refinement and simulated annealing refinement (39) with all four monomers restrained by noncrystallographic symmetry (see Table 1 ) and restrained refinement of temperature factors (see below) resulted in a model with a free R-value of 29.5%, and an R-value of 23.0%. rms deviation in main chain atoms between monomers is between 0.04 and 0.06 Å. Average temperature factor is 23 Å 2 with an rms deviation for temperature factors of bonded atoms of 1.65 Å 2 . The present model contains 96 residues out of 135 residues from residues 3 to 23, 28 to 39, and 50 to 112 and does not include any solvent molecules. It has unbroken backbone electron density in the regions traced ( Fig. 1 ). All residues are in the allowed regions of the Ramachandran plot (40).
FIG. 1. Electron density for a representative region of the SSBC structure. The protein model corresponding to strand 4 is shown in yellow. Light blue contour lines indicate electron density at 1.2 above the mean density, in a map calculated using coefficients (2͉Fo͉ Ϫ ͉Fc͉)exp(Ϫi␣c), where ͉Fo͉ is the observed structure factor amplitude, and ͉Fc͉ and ␣c are the amplitudes and phases calculated from the model. 0.017 rms deviation in bond angles,°2.0 *Rsym ϭ ͚͉I Ϫ ͗I͉͚͘͞ I where I ϭ observed intensity and ͗I͘ ϭ average intensity from multiple observations of symmetry related reflections. † Refinement was carried out using noncrystallographic restraints of 200 kcal͞mol per Å 2 on all four monomers and all residues but those of the L45 loop (85-99), where restraints of 50 kcal͞mol per A 2 were applied. ‡ Free R-values were calculated using 10% of the data set (͉F͉ Ͼ 1). § Percentage of overall completeness and completeness in the last resolution shell (2.9-3.0 Å), respectively. Data beyond 2.9 Å were not used for refinement because of lack of completeness.
RESULTS AND DISCUSSION
Structures of the SSB C Monomer and Dimer. The SSB C monomer is topologically identical to a number of proteins known to bind oligonucleotides or oligosaccharides and its fold belongs to the well-characterized OB (oligomer-binding) fold (Fig. 2, A and B) (41) . For consistency, the participating secondary structural elements of the SSB C monomer are labeled according to Murzin (41) and the intervening loop regions are labeled as Lxy where x and y indicate the numbers of the strands that they join. The core of the monomer structure is hydrophobic in nature. The L 23 and L 45 loops of the SSB C monomer are very extended and form ␤-hairpins. Density for the tip of L 23 was poorly defined, and therefore this region of the structure was not included in the model.
In the SSB C dimer, two antiparallel ␤-sheets from two SSB subunits form an extended six-stranded antiparallel ␤-sheet (Fig. 2C) . The participating strands are 1, 4, and 5 in each subunit. The monomer-monomer interface therefore consists primarily of mainchain hydrogen bonds involving residues 5-11 of strand 1 in both monomers. In addition, the interface contains contributions from strand 3 [residues His-55 (Fig. 2C) and Glu-53] and strand 1 (Asn-6), and the base of loop L 45 (Leu-83 and Thr-99). The total surface area buried upon dimer formation is 1,347 Å 2 , an area typical of those surveyed for protein-protein interactions (43) . The two monomers in the dimer are related by a 2-fold axis.
Although only a few natural mutants of E. coli SSB have been isolated and characterized, one of them, namely ssb-1, which substitutes His-55 with Tyr, maps at the monomermonomer interface (Fig. 2C) . The temperature-sensitive ssb-1 mutation (3) results in a destabilization of the tetramer with respect to monomers (7, 44) . Our structural data indicate that His-55 of one monomer is involved in hydrogen bonding contacts with the side chain of Asn-6 and the main chain carbonyl oxygen of Leu-83 within the other monomer in the dimer. Destabilization of the monomer-monomer interface by substitution with the bulkier tyrosine side chain could result from increased steric hindrance and͞or changes in the nature of the contact surfaces.
Architecture of the SSB C Tetramer. SSB C assembles to form tetramers in solution (7). However, two different interfaces between dimers are apparent within the crystal. Fig. 2D shows a tetramer which consists of two dimers sharing a noncrystallographic interface formed primarily by two L 45 loops, while Fig. 2E shows another tetramer consisting of two dimers sharing a crystallographic interface formed by two sixstranded ␤-sheets. We refer to the former configuration as the L 45 -mediated tetramer, while the latter configuration is referred to as the six-stranded ␤-sheet-mediated tetramer.
If the L 45 loop is seen as a tail, then the two dimers in the L 45 -mediated tetramer come together in an offset tail-to-tail arrangement. As a consequence, only one L 45 loop per dimer is involved in forming the dimer-dimer interface. Indeed, the interface involves the formation of a short antiparallel fourstranded ␤-sheet consisting of two L 45 loops contributed by only one monomer from each dimer (labeled 1 and 1ٞ in Fig.  2D ). Residues involved are 86-89 from one strand (strand 45 1 of Fig. 2 A) of the ␤-hairpins that form loop L 45 . Additional contacts are provided by the tip of each of the L 45 loops (residues 91-94) with hydrogen bonding interactions observed between Arg21 and Gln91. The L 45 -mediated dimer-dimer interface extends over a surface area of about 670 Å 2 . This tetramer configuration is that seen in the asymmetric unit of the crystal.
In the six-stranded ␤-sheet-mediated tetramer, the amount of contact surface area between dimers (1,003 Å 2 ) is quantitatively greater than that observed for the L 45 ramer configuration described above. Also, the structural make-up of this interface is different. Contacts involve residues' side chains rather than mainchain atoms. The interface is mixed in its chemical composition, with a very limited hydrophobic core surrounded by a network of hydrogenbonded tyrosine, glutamic acid, lysine, and glutamine residues (Lys-7, Tyr-78, Glu-80, Gln-110, Gln-76). Lys-7 and Glu-80 form a salt bridge, a feature also observed in the hmtSSB (52) . The labels Ј, Љ, and ٞ identify the second, third, and fourth monomers, respectively, while the absence of these labels identifies the first monomer. (E) Stereo diagram of the six-stranded ␤-sheet-mediated tetramer (42) . This schematic diagram also shows the location of Gln-76 and Gln-110, which when mutated independently to Leu suppress the effect of a His-55 to Lys mutation. structure (20) . By virtue of the 2-fold axis relating monomers in the dimer and the crystallographic relationship between dimers in the tetramer, the six-stranded ␤-sheet-mediated tetramer displays D 2 symmetry. This tetramer configuration has also been reported for hmtSSB (20) .
Which of the two possible tetramer configurations observed in the crystal reflects the configuration of the SSB C tetramer in solution? Studies by Carlini and Porter (45) suggest that the six-stranded ␤-sheet-mediated tetramer represents the configuration of SSB C in solution. These authors genetically selected for intragenic second site suppressors of a His-55 3 Lys mutation that destabilizes the SSB tetramer. The only second site mutations obtained were Gln-110 3 Leu and Gln-76 3 Leu (45), both of which map to the six-stranded ␤-sheetmediated dimer-dimer interface, rather than at the monomer -monomer interface of the dimer, the site of the original mutation (Fig. 2E) . This confirms the six-stranded ␤-sheet as an important interface for tetramerization of SSB C .
Residues and Surfaces Involved in Binding of ssDNA and Implications for Cooperative Binding to ssDNA. Mutational studies of tryptophans and chemical modification of lysines have indicated that these residues are important for ssDNA binding (46, 47) . The role of lysines is supported by the salt-dependence of the binding constant, reflecting substantial electrostatic interactions (48) .
There are four tryptophan residues per E. coli SSB subunit at positions 40, 54, 88, and 135; however, only three of them, Trp-40, -54, and -88 appear to play a role in ssDNA binding. Trp-40 and Trp-54 are required for high affinity binding to ssDNA and both of these residues also form stacking interactions with the bases (46, 49) . Although mutations at Trp-88 influence DNA binding, this residue does not form such stacking interactions and thus is in a different class than either Trp-40 or Trp-54 (50) . Interestingly, mutations at Trp-54 and Trp-88 have a dramatic effect on the relative stabilities of the different SSB-ssDNA binding modes (46) . Phe-60 can be photochemically crosslinked to a ssDNA octamer [(dT) 8 ] (51) and mutations at Phe60 also influence ssDNA binding affinity (50) .
The locations of Trp-54, Trp-88, and Phe-60, as well as all lysine residues, are depicted in Figs. 2B and 3. The amino acids known to be important for binding ssDNA-i.e., Trp-54, and Phe-60-are located on an exposed surface running parallel to strand 3, whereas Trp-88 is located in loop L 45 . Trp-40 is in the part of the L 23 loop which is disordered. The exposed surface between Trp-54 and Phe-60 in each monomer does not contain positively charged patches and therefore is not expected to bind ssDNA. In fact, an understanding as to where the DNA may bind requires inspection of the surface of the tetramer rather than that of the monomer alone. Fig. 3 shows a rendering of the electrostatic potential at the surface of the tetramer in the same orientation as in Fig. 2E . In this orientation, there are surfaces of positive electrostatic potential that may form a path for ssDNA binding that could span the entire structure from side to side (upper left Trp-54 to lower right Trp-54 in Fig. 3) . Hence, two such surfaces would be available for binding of ssDNA within the tetramer, that presented in Fig. 3 and the equivalent surface on the side opposite.
Binding of ssDNA in the (SSB) 65 binding mode would require bridging these two binding surfaces. By crossing over from one side to the other, ssDNA would come into proximity of the base of loop L 45 and might involve the loop in binding. Previous structural studies on proteins containing an OB fold used for ssDNA binding have pointed out the importance of the L 45 loop. In the structure of tRNA synthase bound to tRNA Asp or in that of the ssDNA binding domain of replication protein A bound to ssDNA, loop L 45 bends over the DNA and contributes significant surfaces to binding (53, 54) . In E. coli SSB, the L 45 loop may play a similar role. It contains Trp-88, and mutations at Trp-88 can affect the relative stabilities of the different SSB-ssDNA binding modes (46) . On the other hand, L 45 may also play an additional role in E. coli SSB: this loop is an essential component of the L 45 -mediated dimer-dimer interface observed in the crystal. Therefore, L 45 may also be involved in stabilizing cooperative interactions between SSB tetramers bound to long ssDNA. In fact, it may be that loop L 45 alternates between interactions with ssDNA or with a second tetramer, depending on the particular single-stranded polynucleotide binding mode. More specifically, in the (SSB) 65 binding mode, loop L 45 might be involved in ssDNA binding and therefore would not be available to form the L 45 -mediated dimer-dimer interface. As a consequence, unlimited cooperative interactions between tetramers could not occur. Conversely, in the (SSB) 35 binding mode, loop L 45 might not be involved in ssDNA binding and therefore could participate in the formation of a L 45 -mediated dimer-dimer interface: unlimited cooperative interactions between tetramers could then occur.
Visual inspection of the figures in ref. 20 clearly indicate that the structure of SSB C resembles closely that of hmtSSB, with all important amino acids appearing to map to equivalent regions in each structure. Yang et al. (20) propose a model for binding of ssDNA to the hmtSSB tetramer where ssDNA binds across the tetramer. Although we suggest that E. coli SSB may bind ssDNA in a similar way, the actual path for ssDNA binding is still unclear and must await the determination of meaningful ssDNA͞E. coli SSB or ssDNA͞hmtSSB complex structures. Interestingly, the cocrystal structure of replication protein A (RPA) with ssDNA (53) suggests that binding of ssDNA to homotetrameric SSBs might involve the L 12 and L 45 loops. When the first SSB module of RPA (residues 183-275) is superimposed onto the SSB monomer, residues Phe-60 (between strand 3 and the helix) and Arg-21 (in strand 1Ј) are within hydrogen bonding distance of the DNA. However, it is not known whether Arg-21 or any of the residues in the region of the L 12 loop of E. coli SSB is involved in binding. Furthermore, in the RPA͞SSB superimposition, Trp-54 of E. coli SSB, a residue known to be involved in ssDNA binding, is more than 14 Å away from the DNA. Therefore no definitive conclusion can be drawn from a comparative study of RPA and E. coli SSB.
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